To improve the collaboration between scientific communities working within geographically distributed laboratories, it is increasingly necessary to take into account the complexity of data streaming process and the difficulties with integrating heterogeneous instruments of different groups of researchers (Mongelli et al., 2017) . This paper shows the 'ENEA staging storage sharing' (E3S) architecture developed within the COBRA project (http://cobra.enea.it/english) which promotes the technology transfer to small and medium-sized companies for the conservation of cultural heritage. This architecture was setup for the shaking tables at the Sustainable Innovation Technologies (SITEC) ENEA Casaccia R.C. Laboratory and it was used during experimental tests on two masonry walls made up of stone and tuff blocks that represent the poor Italian masonry of historical buildings, to verify the behaviour of innovative techniques of anti-seismic reinforcement. E3S supports the whole experimental process, from photogrammetric reconstruction to FEM calibration, reducing time needed to obtain experimental results by means real time data streaming functions.
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Introduction
ENEA staging storage sharing (E3S) architecture is based on the OwnCloud framework (https://owncloud.org; https://wiki.geant.org/display/OCM/Open+Cloud+ Mesh) and allows to synchronise the local staging areas of the experimental data acquisition system (DAS) that are closed in the lab local area network (LAN), with the ENEA storage area, AFS and GPFS, for world-wide sharing (Ponti et al., 2014) .
The architecture was applied for the real time sharing of experimental data produced in terms of displacement during shaking tables test thanks to a motion capture 3D system installed at the Sustainable Innovation Technologies (SITEC) laboratory (Beraldin et al., 2004; De Canio et al., 2016) . Safety and integrity of data sharing, storage and post processing are assured both locally and through remote access tools on a geographic network by the ENEAGRID infrastructure. The architecture allows not only remote real-time data signal and video streaming, but also sharing of the experimental data files at the end of each single step. Moreover, by ENEA Computational Research Centre for Complex Systems (CRESCO) facilities, users can access to high performance graphics tools for remote implementation of FE models and 3D photogrammetric models . This paper shows the E3S architecture on the case study of two masonry walls, to verify their dynamic behaviour under the action of increasing seismic inputs induced by shaking tables. Before testing the masonry walls, a 3D photogrammetric reconstruction of the two walls was produced by structure from motion (SfM) technique through the ENEAGRID infrastructure, which allows to use 'computer graphics' tools, exploiting the computational resources offered by the HPC CRESCO infrastructure and to archive images and photogrammetric reconstructions results in the AFS and GPFS ENEA storage areas. The SfM technique produces a 3D scaled numerical model as 'points cloud' and it allows to obtain correct geometrical data of the two specimens in terms of shape, size and space position. Consequently, the FE models based on real geometry were defined and FE modal analysis was carried on in order to understand the dynamic behaviour of the structures, to evaluate stress and strain distribution and to estimate the modal parameters, which are a measure of the structural damage evolution.
Case study
The experimental sessions were performed on two masonry walls made up of stone and tuff blocks (Figure 1 ). The walls are made up of typical materials that represent the poor masonry characterising the historical buildings of the Centre of Italy. At the beginning, during the first experimental campaign, the specimens were tested without any type of anti-seismic reinforcement, in order to study their dynamic response in terms of magnitude and to evaluate the out of plane actions until their collapse (Al Shawa et al., 2012) . After their collapse, the two specimens were repaired and a new high-strength 'composite' reinforcing fibres Fabbrocino et al., 2015) , produced by Kerakoll SpA, was tested, in order to verify their seismic capacity. The experimental campaign was also performed within a Italy-USA project, titled Composites with Inorganic Matrix for Sustainable Strengthening of Architectural Heritage for cooperation and technology transfer. During the first test session, five Italian seismic inputs (Bagnoli, Mirandola, Amatrice, Nocera and L'Aquila) were executed at increasing intensity from 25% to 125% of real accelerograms. All tests were shared in real time both with project partners (University of Roma Tre and University of Miami) and with researchers and experts working in the field of seismic protection in a remote configuration, by structural dynamic, numerical simulation, qualification tests and vibration control (DySCo) virtual laboratory via Adobe Connect (De Canio et al., 2013) and by E3S architecture via RBNB DataTurbine (DT) technology (http://dataturbine.org; http://dataturbine. org/documentation/setting-up-a-sink/real-time-dataviewer-rdv/) for near real-time data managing and visualisation (Fountain et al., 2012) . 
Shaking table and 3DVision DAS
The experimental tests on the two real-scale walls in Figure 2 were performed by a 6-degree-of-freedom very large shaking table (4 m × 4 m) and the displacement data were acquired by a 3D motion capture system named 3DVision, which uses a constellation of four video and ten new NIR high resolution digital MX cameras of last generation which are mounting Vicon VEGAS-4 CMOS sensors with a full frame resolution of five megapixels up to 350 fps; the sampling frequency is set to 200 Hz. The system provides an easy calibration of the measured volume, a greater uniformity of acquisition and a faster image processing, minimising the network load during the near real-time data streaming. Retro-reflecting wireless markers are fixed on the tested structure in the most critical areas which came from a preliminary FE modal analysis. The system is able to track the 3D trajectories of hundreds of markers placed at the measurement points of the structure during the seismic tests with easy and fast test setup and high accuracy. The trajectories were saved into a C3D file created at the end of each step of the experimental test. The NIRs were arranged around the two specimens so as to cover the entire measurement volume and to optimise the calibration process of the cameras themselves. 
Real time experimental tests sharing by DySCo virtual lab
As the shaking table tests test went on, the experimental results were shared in real time thanks to the possibility to synchronise visible and NIR cameras in a networking configuration, the DySCo virtual lab (http://www.afs.enea.it/project/Dysco/) developed for seismic applications (Roselli et al., 2010) . A general-purpose friendly web interface allows real time data sharing and gives an integrated access to the stored experimental results, experiments video streaming, storage areas and numerical simulation.
Remote users, with secure authentication, can access the experimental sessions through a virtual room based on Adobe Connect (https://connect.portici.enea.it/tavibr) which allows the streaming of control console, data, audio and webcams and to interact step by step with the operators and the researchers in the lab (Figure 3 ).
Remote users have also the possibility to access the graphical tools, installed on ENEAGRID infrastructure, by an intuitive and user-friendly interface, named fast access to remote objects (FARO2). This graphical interface gives the possibility to run series or parallel heavy jobs of scientific codes for finite element structural analysis, exploiting the resources offered by the HPC CRESCO infrastructure.
E3S architecture
Within the COBRA project, which promotes technology transfer to small and medium-sized companies, aiming at the dissemination of technologies and tools for the conservation of cultural heritage, the E3S architecture based on the OwnCloud framework was developed and tested on the two masonry walls experimentally tested by shaking tables. It allows to synchronise the local staging areas of the laboratory DAS, that is connected to the lab local area network (LAN), with the ENEA storage area, AFS and GPFS, for world-wide sharing ( Figure 4 ). Improving the collaboration between scientific communities, working within laboratories geographically distributed in the world, has to take into account the complexity of the data streaming process as well as the difficulties of integrating heterogeneous instruments and technologies. This is often linked to the ability to transfer via web experimental data and results, ensuring a high degree of data quality/integrity and protection. For these reasons, E3S has been designed assuming data integrity and security, scalability and reliability as fundamental requirements.
Data integrity is guaranteed by a file synchronisation process between staging and storage areas, while the data protection and security are provided by a single-signed on authentication and authorisation system, based on the Kerberos5 protocol. As soon as the experimental data are stored locally in the DAS laboratory, they are synchronised on a C3D file that is copied on the ENEAGRID infrastructure. The OwnCloud framework allows the user in charge of the test to store the experimental data in the local staging area through the OwnCloud web interface, only accessible from the lab LAN or, alternatively, through the OwnCloud client, which can be installed on any device ( Figure 5 ).
Once the staging area is synchronised with the AFS storage area, experimental data are shared with remote users who can access data from the same web interface.
Streaming and data managing by DySCO Logbook and DT application
A web application based on LAMP platform (Linux Apache MySQL PHP), named 'DySCo Logbook', was developed to collect metadata and trigger near real-time streaming of data and video of the experiment. This application uses a specific MySQL database named 'dyscodw' and it is made up of two section: the 'insert/modify' section ( Figure 6 ) is only available within the laboratory LAN by the user in charge of the test, who can extract metadata from the C3D file, save them into 'dyscodw' DB and launch the java script for signals and videos streaming by the DT application. The 'view' section, accessible from WAN, allows remote users to visualise at any moment any information related to each acquisition step:
• number of markers (measurement points)
• number of acquisition frame
• number of analogue channel
• frame rate.
Moreover, this section allows to visualise for each record, the position in a 3D space of all markers positioned on the structure during the tests, their number and the label associated to each one. In this way, remote users have the possibility to select a specific marker to visualise in complete autonomy the X, Y, Z components of its trajectory, as shown in Figure 7 . The DT system is used to stream and share the trajectories of all markers installed on the structure during shaking table tests. In fact, it allows to manage and stream real time experimental data. In addition to working with live data, DT can stream archived data as if they were live, reutilising common data viewers and infrastructure for post-test data analysis and review. The RDV DT interface is shown in Figure 9 . The shaking table tests are made of a sequence of test steps, gradually increasing the seismic input intensity, until reaching a certain level of damage of the specimen.
Finite element analyses (FEAs) are very useful to understand the dynamic behaviour of the tested structure, mapping its stress and strain distribution and estimating its modal parameters, which are crucial to evaluate the structural damage. But this process is very time-consuming and the level of damage reached by the specimen after each test step is evaluated only by visual inspection. The DT system can reduce time consuming by means of data managing and real time streaming functions, providing reliable data transport for a wide range of sensors. The experimental data acquired by the 3DVision system and the video from the test are streamed and shared with remote project partners via DT and the damage level of the structures, reached at the end of each acquisition step, is used as the real seismic input for the FEA. Results are then compared with the experimental data for calibrating the material properties and the boundary conditions of the FE model. 
3D photogrammetric reconstructions of the masonry walls
Before testing the masonry walls by shaking table tests, a 3D photogrammetric reconstruction was produced (Arias et al., 2005; McCarthy, 2014) , by the SfM method (Roncella et al., 2011) . This technique, based on photogrammetric principles, is used to create three-dimensional models of the two masonry walls, under the form of 'points cloud' and/or 'polygonal mesh', in order to obtain their correct geometrical data in terms of shape, size and spatial position. The SfM has many advantages (Westobya et al., 2012) : it is a fast, not invasive and not destructive technique which executes the moving scan of the tested structures in a 'contactless' way, with the aim to create, in a semi-automatic way, the finite elements models and to execute the FE analysis, taking into account their real geometry.
Photogrammetry: general principles
From the acquisition of two-dimensional digital images, the photogrammetric technique allows to obtain the correct measures of a detected object in terms of shape, size and 3D space position (Patmios and Lazaridou, 2000) .
This technique can be distinguished into two field based on the acquisition method:
• Aerial photogrammetric technology: for the 3D reconstruction of the territorial morphology.
• Close range photogrammetric technology: it is used when the acquisition distance is less than 300 metres.
The close range technique is particularly used for the reconstruction of architectonical elements, small objects or structures with the purpose to carry out structural investigations and FE models of the structures. The photogrammetric reconstruction process is made up of three main steps:
1 camera location and orientation 2 2D digital images acquisition 3 3D reconstruction of the object.
Three fundamental parameters must be related to define the photogrammetric reconstruction process: 2D image/images coordinates, 3D object coordinates and orientation parameters. The photogrammetric theory is based on some analytical relations used to determinate an univocal correspondence between the points located in the 'object space' (images space) and the points of the real 3D space. The 'projection' law rules the relation between the 2D and the 3D space, by means of the parametric matrix A, through equation u = AU, which in matrix form become: 
where u is a vector that represents the position of a point in the 'object space', U is the vector that represents the position of the point in the real space and A is the 'transform matrix'. Referring to the coordinate system above mentioned, the relation become u = kBX, that in matrix form is as follows: 1 2 3 4 5 6 7 8
where k is a 'scale factor'. These equations allows to reconstruct the position of a point in a three-dimensional space, furthermore, the projection centre, the real point and the corresponding point on the image, lie on the same line.
A single image cannot univocally identify any point in a 3D space because every possible point which lie on the line that links the projection centre O to the 'image point' p may have the projection on the same point p. For this reason, a second image is needed, with the aim to obtain some information about the depth (see Figure 10 ). This process is called triangulation: to obtain the position of an object in a 3D space two images are needed, catching the object from two different positions. The same point, detected on each image is called 'homologue point'.
The 'collinearity equations'
In order to obtain the X, Y, Z coordinates of a point in a 3D space, the following nine parameters are needed:
• Internal frame orientation (see Figure 11) : defined by the principal distance c and the coordinates (x, y, z) of the principal point (PP');
• External camera orientation, defined by six values, three spatial coordinates and three rotation angles. The internal frame orientations can be obtained from the camera characteristics, while the other parameters must be obtained by topographic methods (GPS and inertial system) or by indirect methods, using the so called 'support points'. According to the theory of the central projection, the point in the real 3D space, the frame centre and the point projected on the 'image plane' are all aligned along the same line.
The 'collinearity equations' describe the projection transformation between the 'camera sensor space' and the real 'object space':
where (see Figure 12 ):
• X i , Y i and Z i are the space coordinates of the point P i
• X 0j , Y 0j and Z 0j are the coordinates of the camera shot centre
• x ij and y ij are the 'image' coordinates measured from the photo shot centre P' ij
• x 0j and y 0j are the 'image' coordinates of the principal point O' ij
• c j is the focal distance
• R j is the matrix rotation between the 'image' space and the 'object' space
• λ ij is a scale factor
• i = 1, …, n number of points of the image
The internal orientation is defined by the parameters x 0j , y 0j and c j while the external orientation is defined by the coordinates X 0j , Y 0j and Z 0j and the three rotation angles belonging to the rotation matrix R j . These equations allows to obtain the three-dimensional model of the object, detecting camera orientation and camera position within a 3D space, consequently the scale factor can be deleted and equations become two: 
where r 11j , …, r 33j are the elements of the rotation matrix R j .
Figure 12
Relation between real point and projection point
Because of the deformation and the distortions (radial and tangential) introduced by the camera optical components, the mathematical model is affected by systematic errors. For this reason, the ∆x ij and ∆y ij coordinate corrections may be introduced, taking into account, the geometry of the camera sensors: 
These final equations can be solved by the use of sophisticated algorithms to calculate the unknown parameters, represented by the internal and the external orientation.
The SfM technique
The SfM technique is based on the theoretical principles of optics, the descriptive geometry fundamentals and in particular on the inverse perspective theory. This technique can be applied to many fields of cultural heritage protection and conservation because it allows to obtain in a fast, contactless and easy way, a 3D model of the structure under the form of 'points cloud', starting from the acquisition of two-dimensional images, detecting the correct geometrical data in terms of shape, size and space position. One of the principal obstacles for the use of this technique is due to the large demands of hardware and software resources for image processing, data analysis and data storage. The possibility to access the computational resources offered by the ENEAGRID infrastructure, through the so called FARO2 graphical interface, allows to use 'computer graphics' tools, offered by the HPC CRESCO facilities. Furthermore, the E3S architecture offers a scaled cloud framework, which allows to archive a large number of digital images and the heavy results of the photogrammetric reconstructions in the AFS and the GPFS ENEA storage areas, thanks to the possibility to access the OwnCloud web interface.
Consequently, the photogrammetric reconstruction of the two masonry walls are made-up by the use of the computer vision software, named Agisoft PhotoScan, installed on the CRESCO infrastructure.
The SfM technique is different from the photogrammetric method, because the scene reconstruction as well as the camera position and orientation are solved in an automatic way by the software, using complex algorithms.
From a set of m images, representing n real points, the problem consists of estimating the m projections matrix P j and the n vectors X i , by the given nm correspondences x ij and the theoretical fundamentals are the above mentioned 'collinearity equations'. They represent a mathematical model which associates to the coordinates of the points belonging to a bi-dimensional sensor, the three-dimensional coordinates of the points belonging to a real 3D object. Each reconstruction step of the SfM technique provides the use of specific algorithms that are light-independent, in fact they are able to recognise the 'principal features' or 'remarkable points' of an object, starting from the acquired digital images, even if they are characterised by different light conditions and then a database is created.
Subsequently, on the base of the previous detected features, an image matching process is performed, which consists in grouping all the images that have some points in common. These acquired information are managed by a 'bundle adjustment' software, which detects the internal and external orientations as well as the 'features positions'. The 'bundle adjustment' is a camera calibration process, based on the 'collinearity equations', that allows to calculate the correction parameters of radial and tangential distortions, minimising the 're-projection' error, which represents the distance between the projected point and the measured point.
The final result of this step is a 'sparse points cloud', consisting of the features detected previously, i.e., the points characterised by three spatial coordinates and a chromatic information obtained from the images.
All the parameters previously calculated are used by a 'dense image matching algorithm' that extracts a 'dense points cloud', thanks to a depth comparison between images. A vector and a triad of chromatic values (RGB: red, green, blue) are associated to each point belonging to the dense cloud.
Some photo-modelling software can also reconstruct a polygonal model, made of triangular elements, faces and vertices (meshes), as PhotoScan does. Then, thanks to the information obtained from the photos shots orientation, a 'texture mapping' step allows to create a final polygonal texturised model of the structure.
The masonry walls reconstruction by SfM
Thanks to the use of the computational resources offered by CRESCO, Agisoft PhotoScan can manage a large number of images, with the possibility to create high-quality polygonal models of the two specimens, characterised by a multi-view reconstruction.
To obtain a good photogrammetric 3D model of the tested structures by SfM, 207 images have been acquired and post-processed by PhotoScan.
The main PhotoScan 'work session' is the chunk, a container of all the images acquired for the reconstruction of the models. In some cases, when a large number of images (more than 400) are needed, two or more chunks must be created, with the aim to separate the elaborations. The subdivision of the reconstruction process into two or more chunks allows to obtain a greater control of the 3D model quality and to reduce time-consuming. All the chunks that contain each single part of the mock-up are then aligned and merged, reconstructing the whole model of the structure.
For the reconstruction of the two walls, only one chunk is needed, because of the limited number of the acquired images.
The image post-processing procedure is based on 'computer vision' algorithms, it is easy and semiautomatic and it can be resumed as Figure 15 . The first step of the elaboration process performed by PhotoScan is the alignment of the loaded images loaded images: by means the SIFT algorithm and the multi-stereo matching process, the position and the orientation of the camera shots are detected and a 'sparse cloud' of the two specimens is created.
Subsequently, a 'dense image matching' algorithm allows to extract the 'dense cloud' model, thanks to a depth comparison between all the images. The results of this step are shown in Figure 16 .
PhotoScan also allows to reconstruct the polygonal model, made of faces and vertices, which can be obtained from the point belonging to the dense points cloud. Then, a texture process is performed, to obtain the final 'texturised model' of the specimens.
PhotoScan permits to choose between two different methods to create the texture: the mosaic method, based on the projection of the image with the best resolution on each portion of the model; the average method, which takes into account the average value of the single pixel characterising all the images. The final polygonal model of the two masonry walls, obtained from the SfM reconstruction, is shown in Figure 17 . With the aim to detect the real dimensions of the two specimens, for the execution of the FE analysis, a scaled polygonal model is created. PhotoScan provides a fast and automatic way to scale the models, starting from the acquisition and the assignment of a single reference measure of the real structures. Table 1 summarises the real dimensions of the two specimens, obtained by the SfM reconstruction.
From the SfM model to FEM
The photogrammetric model of the two walls is used to obtain their real geometry in terms of shape and size, by using an alternative technique of geometry relief, which is contactless and easy to use. The SfM method can be also used to execute the geometrical relief of structures with difficult access and/or complex geometry.
The 3D model of the specimens has been imported in a finite element code for the execution of the modal analysis, to identify the resonance frequencies and the modal shapes of the structures (Fabbrocino, 2016) . Then, the results obtained from the FE analysis have been compared with the experimental data.
The E3S 'GPU application server' (GAS) is an important functional component which provides an integrated graphical environment for the execution of many applications, included FE analysis, on multiple hardware platforms, based on remotely accessible graphic processing units (GPU). Thanks to the possibility to access the GAS, it has been possible to run heavy jobs for FE analysis, using the computational resources offered by CRESCO HPC muli-core clusters. In fact, the FE model and the modal analysis of the two masonry walls were executed by Abaqus, a software installed on ENEAGRID IT infrastructure and accessible by the graphical interface FARO2 (see Figure 18 ). The material properties assigned to the FE models of the structures, evaluated by literature for the stone blocks and by compression tests on the tuff blocks are illustrated in Table 2 . Figure 19 , the model of the stone wall has the same characteristics, in terms of number and type of solid elements. With the aim to simulate a vertical flexional mechanism of the walls a horizontal 'cylindrical hinge' constraint has been created.
The vertical flexion may involve:
• One or more levels of the wall: it depends on the connections between different horizontal elements.
• The whole width of the wall or the only external vestment: it depends on the structural characteristics of the wall.
• Different parts of the wall: it depends on the presence of openings, discontinuities and/or localised actions.
In order to simulate the out-of-plane mechanism, representing the mechanism of vertical blending, the constraints assigned (Figure 20 ) to the models are:
• A joint at the base of the structure (BC-1) to simulate the strong connection between the walls and the foundations or the underlying slab.
• A carriage on the top of the wall, which allows the vertical displacement and the rotation around a single axis (X axis), as shown in Figure 20 (BC-2). 
The results of the finite element modal analysis for the two masonry walls, in terms of resonance frequencies are resumed in Table 3 . They have been compared with the frequencies obtained from the displacement signals acquired by the 3DVision system and streamed in real time by the DT application. The first three modal shapes of the two walls are shown in Figure 21 .
Conclusions
Numerical methods from 3D photogrammetric reconstruction to FE analysis are proposed as a preventive method which allows to detect, monitor and track the damage evolution of some structural problems detected, in a network configuration of sharing experimental tests by shaking table. The staging, storage and sharing (E3S) system with the DySCO Logbook and DT for data streaming and data managing, developed at the ENEA CRESCO infrastructure to improve the capabilities of the DySCO virtual lab within the COBRA project, aims to introduce a new approach on the side of the sharing and management of experimental tests and data results. It takes advantage of all the reliability and performances of a distributed file system like AFS or GPFS by an easy to use interface. It is fully integrated in the existing data acquisition procedures of the SITEC laboratory performed by shaking tables, in order to improve the research cooperation and dissemination in the field of seismic protection but it is applicable to other instruments and laboratories
